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ABSTRACT

Samples of nanosize single polymers to be imaged by scanning force microscopy (SFM) are preferentially deposited on a molecularly flat
substrate. However, many substrates are modified and acquire rough surfaces resulting in poor definition of single-polymer molecules. This
work dealt with the imaging of single poly(sodium 4-styrenesulfonate) (PSS) polymers on a rough surface with a novel measuring mode,
pulsed-force-mode (PFM). Adhesive forces can be mapped simultaneously with topographic imaging with this mode. Force−distance curves
show the differences of adhesive forces of the tip/sample and the tip/surface couples, so that sample materials can be distinguished in terms
of surface adhesive properties. PFM increases the roughness limit of substrates from 0.8 to 6.1 nm, allowing the observation of single molecules
down to 1.0 nm height, and greatly expanding potential substrates for imaging of single polymers.

Scanning force microscopy (SFM) has been widely used to
study the molecular structure and conformation of polymers.1-5

In an earlier study, we have already demonstrated the
application of tapping mode SFM for the imaging of
polyelectrolytes, such as polyethylenimine (PEI) and PSS
at the molecular level.6-7 This mode is particularly reliable
for the imaging of flexible long-chain polyeletrolytes without
distortion of their native structures.8 For the imaging of single
polymers by tapping mode, the samples are usually deposited
on an atomically or molecularly flat surface with an average
roughness as small as a few angstroms (roughness< 0.5
nm/1µm2).9,10 Therefore, imaging is limited to adsorbed
polymers on mica, graphite or self-assembled monolayers
on which the small height of the polymers can be observed
without interference from the background. However, other
substrate surfaces may not be flat, or modified substrates
used to study interaction or surface adsorption of polymers
are often rough. When polymers are visualized on such
surfaces having undulation close to the dimension of the
polymers, it is quite difficult to differentiate the molecular
particles from the material topography, even with the
software background subtraction procedures. A procedure
for correcting surface shape by modeling the surface with a
low-order polynomial function and correcting the noise of
scan line with a constant off-set line has been reported.11

With this technique, the surface background correction due
to orientation and noise may be improved up to 70% over

commercial software. However, this technique does not work
as well with rough surfaces, usually encountered in certain
support materials, or irregular and random defects.12 Another
possible solution for imaging on rough surfaces is phase
imaging SFM operating in tapping mode, which Holland et
al. used to successfully distinguish individual fibrinogen
protein molecules from the underlying surface,13 while the
roughness limit increased from 0.5 nm to 1.6-6 nm for
uniform topography, the imaging appeared to be difficult
when molecules spread extensively on the surface due to
insufficient phase contrast. Because the spreading and
collapsed conformation is the favorite model for charged
polyelectrolytes adsorbed on reversibly charged surfaces,
images of individual polymers on relatively rough surfaces
have been difficult to obtain.

In this work, we attempted to exploit an alternative
imaging mode, PFM, for the investigation of single
polymers.14-19 The topography of a sample may be measured
simultaneously along with the mapping of surface properties,
such as adhesion, surface-charge distribution, and viscoelastic
behavior. This mode was also available for imaging with
high scanning speed and high lateral resolution. Since no
lateral force damage was observed and the normal force was
precisely controlled, it was possible to image soft samples.
We demonstrated the ability to visualize single PSS polymers
on rough surfaces by adhesive imaging by PFM.

Rough surface substrates were prepared by first evaporat-
ing several nanometers of chromium as the adhesive layer
on the silicon wafer followed by 200 nm of gold, and
annealing at 150°C for 2 h. As a control, a smooth surface
sample, template-stripped gold with mica as template, was
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prepared.9 Both the rough and smooth gold substrates were
immersed into the adsorption solutions of 1.0 mM 12-
aminododecanethiol for 2.5 h to form self-assembled mono-
layers. PSS polymers (molecular weight 70 000) were
adsorbed onto the surfaces under diffusion control from dilute
solutions.7

Single PSS molecules were imaged by SFM using a
Nanoscope III SPM (DI Company, Santa Barbara) equipped
with a PFM box (Witec Co., Germany). The force versus
time curves, after sinusoidalz modulation, were recorded
by an oscilloscope. Samples were imaged by PFM, with the
collection of both topographic and adhesive data. The
adhesive force was detected by comparing the difference
between the zero and maximum negative forces at the jump-
off point (point A in Figure 1) when the tip was released
from the surface. While performing the measurement, point
B was set as the adhesion start trigger and point C as the
stop trigger. The most negative force signal between B and
C was recorded as the adhesive signal. Measurements were
carried out using silicon cantilevers with a spring constant
of 3.0 N/m (Nanosensor, Germany) and a resonance fre-
quency of 88 kHz. The cantilever was modulated at 700-
800 Hz. Roughness analyses were performed according to
the software provided by our SPM instrument.20 The force-
distance curves were obtained with the same SPM instru-
ments equipped with a custom fluid cell. The normal spring
constantk of the silicon cantilever (Ultrasharp, Silicon-MDT
Ltd., Russia) used for the force measurements was deter-
mined using the method described by Sader et al.21-22

Topological details of the images revealed significant
differences between the gold and template-stripped gold
surfaces. The former appears dull and rough in contrast to
the shiny smooth aspect of the latter one. The RMS
roughness and undulation of the gold surfaces are indicated
in Table 1. The lateral dimensions of the surface features
are 800-1000 nm for all cases.

We measured the adhesive forces between a normal tip
and multiple PSS polymer layer, either PSS polymer,
multiple layers (tip/PSS), or an amino-terminated monolayer
(tip/NH3

+). The difference between the adhesive properties
of the two couples, tip/PSS and tip/NH3

+, was crucial for
the following imaging based on adhesive force. The NH3

+-

modified gold substrate was immersed into a PSS polymer
solution for 1 min to form a film of PSS (30-50 nm thick).
The adhesive interaction was determined from the force
versus displacement curves. The curves recorded with a
NH3

+ modified monolayer and a PSS-modified surface with
the same Si3N4 tip are shown in Figure 2, and the corre-
sponding histograms are shown in Figure 3. The pull-off
forces correspond to adhesive interactions between the tip
and the sample.23-25 The tip/PSS interaction (1.8( 0.39 nN)
was about twice as strong as the tip/NH3

+(0.9 ( 0.25 nN)
interaction. One would expect the negative charge of the
Si3N4 tip to be repulsed from negatively charged PSS
polymers and to be attached to the positively charged NH3

+-
terminated monolayer. Thus, the pull-off forces of tip/PSS
should be smaller than tip/NH3+ in terms of electrostatic
property. However, the larger tip/PSS pull-off force may be
explained as the flexible quality of the PSS surface when
the tip was brought into contact with a soft surface, such as
PSS polymer, or that the sample may possibly be deformed,
resulting in the real contact points impressing deeply down
to A from B (as shown in Figure 4). This would make more
PSS molecules adsorb onto the tip (points B and C) and
expand the contact area of the tip and the polymers greatly,
resulting in larger adhesive forces in terms of JKR theory.23

Furthermore, when the tip is retracted from point C, the
polymer chains could have been stretched, possibly resulting
in the deformation of the chains under tension creating the
high rupture force observed when the tip was further retracted
(points D and E). The rupture force could be caused by the
hydrogen bonds between the silanols and sulfonic groups,
as well as van der Waals interactions.26-29 Therefore, larger
adhesive forces were observed when tips were forced to
contact PSS polymer layers for larger contacting areas and
high rupture forces.

PSS polymers were first imaged with a regular tapping
mode on rough surfaces (Figure 5). The RMS roughness of
the substrate (Figure 5A) was 1.5 nm, with undulation of
6.1 nm. Additional spots were observed on the surface
(Figure 5C) when compared to the gold substrate without
PSS polymers. However, it was difficult to distinguish the
PSS polymers from the original topography of underlying
surface in height image by tapping mode.

The PSS polymers were observed by PFM-SFM on the
same surfaces (Figure 5D). The topographic and adhesive
data were collected simultaneously. The map of pull-off
forces showed a difference between the adhesion of the NH3

+

monolayer (Figure 5B) and the flexible PSS polymers (Figure
5D). Hence, the PSS polymers could be distinguished from

Figure 1. Scheme showing the force signal over a modulation
period. Arrows indicate the points where the adhesion takes (A),
starts (B), and stops trigger (C). Point D indicates the maximum
force.

Table 1: Topography of Surfaces

surface

RMS
roughness

(1 µm image)
undulation

(nm)

surface
feature

size
(nm)

template-stripped gold
(200 nm)

0.077 0.8 800

gold (200 nm) coating on
mica with annealing

1.1 6.1 1000

570 Nano Lett., Vol. 1, No. 10, 2001

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 6

, 2
00

9
Pu

bl
is

he
d 

on
 A

ug
us

t 2
9,

 2
00

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

nl
01

55
78

1



the surface, a darker area with high adhesive forces corre-
sponding to the PSS molecules indicating the raised area in
the topography image. The adhesion was lower on the NH3

+

monolayer modified gold (bright). Therefore, the adhesion
signals in Figure 5 showed the corresponding structure of
the PSS polymers on the surface.

In PFM, the maximum repulsive force was measured by
using a sample-and-hold circuit, and was used for the
feedback control for the tip. Therefore, it was possible to
control the maximum repulsive force acting between the tip
and the sample, which was especially important for the
delicate samples.14 The image quality in the adhesion image
of PSS polymers was not poorer than images obtained on
smooth surfaces. The reproducibility of the images suggested
that the polymers adsorbed on the surface were stable under
scanning by this mode.

In the previous work, we have demonstrated that PSS
chains could be adsorbed dispersedly on positively charged
surface from their dilution solution.7 No aggregation of
individual polymer molecules was observed in the condition,
as shown in Figure 5. The single polymers of 27 nm width
and 1.0 nm height on the flat substrate were identified. In

terms of the large ratio of lateral and horizontal sizes, we
concluded that the polymer molecules could be absorbed on

Figure 2. Typical force-displacement curves with a Si3N4 tip and a substrate modified with NH3
+-terminated monolayer (A) and PSS

polymers (B).

Figure 3. Histograms presenting the adhesion force distribution for a Si3N4-tip on NH3
+ -functional SAM (A) and PSS polymer layer (B).

Figure 4. Typical force-displacement curves on a hard substrate
or a soft thin sample and the schematic of approaching (A), touching
(B), fully impressing (C), and separating (D) part of a force curve
cycle.
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the charged surface electrically with a collapsed conforma-
tion.7 In this work, cross section analyses of over 50 spots
in the images show the adhesive forces from 0.6 to 0.9 nN.
The width range of PSS polymers was measured from 18 to
32 nm, with an average dimension of 27 nm. Our results
were consistent with previously published data on smooth
surface, therefore demonstrating the ability of the imaging
single polymers with dimension of down to 1 nm height by
PFM-SFM. Imaging individual PSS polymers on original
gold surface without annealing (the undulation up to 10 nm)
was not achieved in this study. The gold surface proved to
be too rough to be distinguished from the adsorbed polymers.

In this work, single PSS polymers on rough surfaces,
which were not observable in conventional topographic
images, were detected successfully by PFM-SFM. The
adhesive forces of the tip/PSS and tip/NH3

+ couples were
extrapolated from force-distance curves. PSS polymers
could be distinguished from surface background in terms of
adhesive property, with the molecular sizes being consistent
with those on smooth surface. With this technique, the

roughness limit for the observation of single polymers was
increased from 0.8 to 6.1 nm. This allows the imaging of
nanosize samples on the regular substrates. The technique
is especially useful for the observation of soft samples, such
as polyelectrolytes and biomacromolecules with larger
adhesive forces against surface background, as well as
samples with collapsed conformation and strong interaction
with the underlying surface.
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